abstract In intact cells the depolarization-induced outward IRK1 currents undergo profound relaxation so that the steady-state macroscopic I-V curve exhibits strong inward rectification. A modest degree of rectification persists after the membrane patches were perfused with artificial solutions devoid of Mg 2 ϩ and polyamines, which has been interpreted as a reflection of intrinsic channel gating and led to the view that inward rectification results from enhancement of the intrinsic gating by intracellular cations rather than simple pore block. Furthermore, IRK1 exhibits significant extracellular K ϩ -sensitive relaxation of its inward current, a feature that has been likened to the C-type inactivation observed in the voltage-activated Shaker K ϩ channels. We found that both these current relaxations can be accounted for by impurities in some common constituents of recording solutions, such as residual hydroxyethylpiperazine in HEPES and ethylenediamine in EDTA. Therefore, inherently, IRK1 channels are essentially ohmic at the macroscopic level, and the voltage jump-induced current relaxations do not reflect IRK1 gating but the unusually high affinity of its pore for cations. Furthermore, our study helps define the optimal experimental conditions for studying IRK1.
I N T R O D U C T I O N
Membrane depolarization-elicited outward current through inward rectifier K ϩ channels exhibits profound relaxation. Consequently, with identical K ϩ concentrations on both sides of the membrane the steadystate outward macroscopic current at positive membrane voltages is much smaller than the inward current at the corresponding negative voltages, a feature called initially anomalous rectification and subsequently inward rectification (Katz, 1949; Noble, 1965) . The first clue to a possible mechanism came from the work by Armstrong and Binstock (1965) , who showed that intracellular TEA blocks squid voltage-activated K ϩ channels in a strongly voltage-dependent manner, rendering them inwardly rectifying. 20 y later, Mg 2 ϩ was identified as an endogenous voltage-dependent channel blocker causing inward rectification (Matsuda et al., 1987; Vandenberg, 1987) . However, the voltage dependence of channel block by Mg 2 ϩ alone is too weak to account for the strong inward rectification observed in intact cells. Furthermore, significant rectification remains in the absence of Mg 2 ϩ . Thus arose the concept of intrinsic (voltage-dependent) channel gating to explain Mg 2 ϩ -independent current relaxation and rectification (e.g., Ishihara et al., 1989; Silver and DeCoursey, 1990; Stanfield et al., 1994) .
Little progress was made in the search for additional endogenous blockers until certain polyamines were found to block the channels in a strongly voltagedependent manner (Ficker et al., 1994; Lopatin et al., 1994; Fakler et al., 1995) . Still, variable residual inward rectification remains after the inside of a membrane patch is perfused with solutions nominally devoid of polyamines and Mg 2 ϩ (Aleksandrov et al., 1996; Shieh et al., 1996; Lee et al., 1999) . This finding underlies the hypothesis that inward rectification results from intrinsic channel gating modulated by the binding of Mg 2 ϩ and polyamines to a putative channel-gating machinery, rather than from voltage-dependent channel block by these intracellular cations. We found, however, that the residual rectification independent of Mg 2 ϩ and polyamines is related to HEPES in recording solutions (Guo and Lu, 2000a) .
Voltage jump-induced, time-dependent relaxation is not exclusively associated with outward currents, since hyperpolarization-induced inward currents also exhibit relaxation (Kubo et al., 1993) . Choe et al. (1999) showed that hyperpolarization reduces the open probability of IRK1, and argued that the reduction in channel open probability results from both channel block by extracellular divalent cations and channel gating. Similar phenomena occur to a lesser extent in ROMK2 (Choe et al., 1998) . Using IRK1-ROMK2 chimeras, Choe et al. (1999) found that the protein segments that form the ion conduction pore underlie the putative channel gating. Consistent with this, Lu et al. (2001) reported that gating of IRK1 at negative voltages is significantly perturbed when ester carbonyls replace the amide carbonyls of the two glycine residues within the signature sequence that forms the ion selectivity filter. Also, Shieh (2000) showed that in low K ϩ solutions in the absence of extracellular divalent cations, hyperpolarization induces a significant inward current relaxation which is likened to the C-type inactivation of voltage-activated Shaker K ϩ channels (Hoshi et al., 1991; Lopez-Barneo et al., 1993; Yellen et al., 1994) .
To resolve the fundamental issue whether the macroscopic conductance of IRK1 has any significant intrinsic voltage dependence, we present here a systematic experimental investigation of the causes underlying voltage jump-induced current relaxations. Our study also helps define the optimal experimental conditions for studying IRK1.
M A T E R I A L S A N D M E T H O D S

Molecular Biology and Oocyte Preparation
IRK1 cDNA (Kubo et al., 1993) was cloned into the pGEM-Hess plasmid. RNA was synthesized using T7 polymerase (Promega) from Nhe1-linearized cDNAs. Oocytes harvested from Xenopus laevis ( Xenopus One) were incubated in a solution containing NaCl, 82.5 mM; KCl, 2.5 mM; MgCl 2 , 1.0 mM; HEPES (pH 7.6), 5.0 mM; and collagenase, 2-4 mg/ml. The oocyte preparation was agitated at 80 rpm for 60-90 min. It was then rinsed thoroughly and stored in a solution containing NaCl, 96 mM; KCl, 2.5 mM; CaCl 2 , 1.8 mM; MgCl 2 , 1.0 mM; HEPES (pH 7.6), 5 mM; and gentamicin, 50 g/ml. Defolliculated oocytes were selected and injected with RNA at least 2 and 16 h, respectively, after collagenase treatment. All oocytes were stored at 18 Њ C.
Patch Recording
IRK1 currents were recorded from inside-out membrane patches of Xenopus oocytes (injected with IRK1 cRNA) with an Axopatch 200B amplifier (Axon Instruments, Inc.), filtered at 5 kHz, and sampled at 25 kHz using an analogue-to-digital converter (DigiData 1200; Axon Instruments, Inc.) interfaced with a personal computer. pClamp6 software (Axon Instruments, Inc.) was used to control the amplifier and acquire the data. During current recording, the voltage across the membrane patch was first hyperpolarized from the 0 mV holding potential to Ϫ 100 mV and then stepped to various test voltages, or stepped directly from the holding potential. The duration of the voltage test pulse was 100 ms, which is comparable to those used in the studies where the Mg 2 ϩ -and polyamine-independent rectification was initially observed (Aleksandrov et al., 1996; Shieh et al., 1996) . Background leak current correction was performed as described previously (Lu and MacKinnon, 1994; Guo and Lu, 2000a) . To effectively perfuse the patch, the tip of the patch pipette ( ‫ف‬ 3 M ⍀ ) was immersed in a stream of intracellular solution exiting one of ten glass capillaries (ID ϭ 0.2 mm) mounted in parallel. In all cases the intracellular solutions contained 100 mM K ϩ , 5 mM EDTA, and 10 mM phosphate (pH 7.6) besides the tested chemicals, whereas the extracellular solution contained 100 mM K ϩ , 0.3 mM Ca 2ϩ , 1 mM Mg 2ϩ , 10 mM phosphate (pH 7.6). The currents are corrected for background current. Dotted lines identify the zero current level. (D-F) Normalized I-V curves, corresponding to A-C, which were constructed from the currents determined at the end of each test voltagepulse. Current at each voltage is normalized (except for its signs) to that at Ϫ100 mV. Each data point represents the mean (Ϯ SEM) of currents recorded from 5-7 patches.
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Recording Solutions
All recording solutions contained 100 mM K ϩ contributed by KCl, K 2 EDTA, K 2 HPO 4 , KH 2 PO 4 , and KOH. The phosphate-buffered intracellular solution contained (mM): 5 K 2 EDTA (unless specified otherwise), 10 "K 2 HPO 4 ϩ KH 2 PO 4 " in a ratio yielding the desired pH, and sufficient KCl to bring total K ϩ concentration to 100 mM (Guo and Lu, 2000a) . To adjust pH to 8.0 and above a small amount of KOH was used. The HEPES-buffered intracellular solution, used in Fig. 3 , contained (mM): 100 K ϩ (Cl Ϫ ϩ OH Ϫ ), 5 EGTA and 10 HEPES, pH 7.2 (adjusted with KOH). The HEPES-buffered extracellular solution contained (mM): 100 K ϩ (Cl Ϫ ϩ OH Ϫ ), 0.3 CaCl 2 , 1.0 MgCl 2 , and 10 HEPES, pH 7.6 (adjusted with KOH). In the phosphate-buffered extracellular solution, HEPES was replaced by an equal concentration of "K 2 HPO 4 ϩ KH 2 PO 4 " in a ratio yielding pH 7.6. The divalent cation-free extracellular solution contained 5 mM EDTA. All chemicals were purchased from Fluka Chemical Corp.
R E S U L T S
We showed previously that intracellular "HEPES" blocks IRK1 channels with varying potency depending on the commercial sources (Guo and Lu, 2000a) . As shown there and in Fig. 1 A, the blocking kinetics are slow even with 10 mM HEPES present. These findings indicate that the block is caused mainly by some impurity in HEPES. Usually, HEPES is synthesized by reacting hydroxyethylpiperazine (HEP)* with bromoethanesulfonate (Good et al., 1966) . lence) ϭ 1.02 for HEPES, K d (0 mV) ϭ 2.97 mM and Z ϭ 1.09 for HEP, and K d (0 mV) ϭ 0.27 mM and Z ϭ 1.08 for piperazine. Therefore, the apparent channel block by HEPES can be accounted for by a trace amount of HEP, which is well below the limit of impurity specified by the supplier (0.5%).
To our surprise, we found in the experiment shown below that HEPES is not the sole source of contaminating blockers in commonly used intracellular solutions. Fig. 3 shows that IRK1 channels exhibit inward rectification in the presence of an intracellular solution like that used by Aleksandrov et al. (1996) , which contained KCl, EGTA and HEPES (pH 7.2). The rectification was reduced only modestly when HEPES (10 mM) was replaced by phosphate (10 mM), but reduce significantly further when we also substituted EDTA (5 mM) for EGTA (5 mM), although the I-V curve did not approach linearity until solution pH was raised from 7.2 to 7.6 [the final composition is the one we used previously (Guo and Lu, 2000a) ]. These findings show that the persisting rectification after removal of endogenous blockers (Aleksandrov et al., 1996) was caused by the use of HEPES, EGTA, and low pH. Intracellular EGTA, HEPES (each up to 10 mM), and pH Ͻ 7.4 have been widely used in studies of IRK1. Fig. 4 compares the effects of intracellular metal ion chelators EDTA, CDTA, or EGTA (each at 5 mM; pH 7.6) on the currents and the I-V curves. Inward rectification is more pronounced with either EGTA or CDTA than with EDTA, even though the affinity of CDTA for a given di-or trivalent cation is much higher than that of EDTA. Since EDTA causes the least rectification and also is nonselective among divalent cations, EDTA instead of EGTA should be used to scavenge contaminating blocking metal ions. To find the intracellular EDTA concentration that yields the most linear I-V curve (at pH 7.6, see below), we obtained current records from the same patch in the presence of five different concen- Figure 6 . Effects of EDTA concentration on the I-V curves of IRK1 channels. Normalized I-V curves in the presence of various concentrations of EDTA. For clarity, I-V curves with 0.1-5 mM intracellular EDTA (A) are plotted separately from those with 5-30 mM EDTA (B). All data points are mean Ϯ SEM (n ϭ 4-6). (C) Normalized current at 80 mV, taken from the I-V curves in A and B, is plotted against the concentration of EDTA. The data represented by the circles (mean Ϯ SEM) were determined experimentally, whereas those by triangles were calculated using Eq. 1, as described in discussion.
trations of EDTA (Fig. 5) . With 0.1 mM EDTA, outward currents displayed modest inward rectification. As the chelator concentration was raised to 5 mM the rectification is nearly vanished, most probably because the concentration of contaminating free blocking metal ions was reduced. However, when EDTA concentration was increased further, rectification became again more pronounced, presumably reflecting the effect of some impurity in EDTA. For clarity, I-V curves for 0.1-5 mM and for 5-30 mM EDTA are plotted separately in Fig. 6 A, and B, showing that 5 mM EDTA is optimal for obtaining a linear macroscopic I-V curve. The normalized current (mean Ϯ SEM) at 80 mV, taken from the I-V curves in A and B, is plotted against the concentration of EDTA (Fig. 6 C, circles) . (Fig. 7 A) , consistent with that the channels were blocked by a "nonpermeant" blocker such as a divalent cation, an example of which (block by Mg 2ϩ ) is shown in Fig. 7 B. In contrast, at 30 mM EDTA the blocking curve deviates from the Woodhull equation (Fig. 7 C) , consistent with that the channels were blocked by a permeant blocker such as ethylenediamine (ED , Fig. 7 D; see Guo and Lu, 2000b for details). Fig. 8 , A and B, shows the current records with 30 mM EDTA and 0.1 M ethylenediamine, respectively; the corresponding I-V curves are shown in Fig. 8 , C and D. EDTA and ethylenediamine block the channels in a qualitatively comparable manner, although the latter is Ͼ10,000-fold more potent. Therefore, the blocking effect associated with EDTA can be accounted for by trace of contaminating ethylenediamine used to synthesize EDTA. All subsequent data were recorded with intracellular solutions containing 5 mM EDTA and 10 mM phosphate (without HEPES).
To determine the optimal intracellular pH we examined how pH affects IRK1 currents (Fig. 9 A) . The average I-V curve for each pH examined is plotted in Fig.  10 A. The I-V curve is linear at pH 8.5. Lowering pH inhibited IRK1 currents minimally between 8.5 and 7.5 but dramatically between 7.5 and 6.5. The fraction of current not inhibited by protons is plotted in Fig.  10 C, which shows that channel inhibition has voltagedependent and -independent components. Interestingly, much of the voltage-dependent component of proton inhibition vanished when acidic D172 (located in the inner pore) was replaced by neutral asparagine (Figs. 9 B, and 10, B and D) . At higher intracellular pH the outward D172N current is slightly larger than the inward current.
As a practical matter, very small membrane patches must be used to achieve adequate removal of endogenous blockers by perfusion. To illustrate this, Fig. 11 A shows three consecutive sets of current records from a small membrane patch, taken at 1-min intervals after the start of perfusion. Any endogenous blockers present in that excised patch were apparently effectively removed within the first minute. In contrast, for a much larger patch (from a separate oocyte injected with much less RNA), removal of endogenous blockers was very slow and incomplete even after prolonged perfusion (Fig. 11 B) . 
. For A and B, the two nearly superimposed curves for each data set are fits either all data points (continuous curves) or all but the rightmost three data points (dashed curves). For C or D, the dashed curve through each dataset is a fit to all but the rightmost three data points.
Under certain commonly used experimental conditions membrane hyperpolarization also induces relaxation of inward IRK1 currents. The currents in Fig. 12 A (and all those above) were recorded with 0.3 mM Ca 2ϩ and 1.0 mM Mg 2ϩ present in the extracellular solution buffered with phosphate. The inward currents at very negative voltages relax noticeably. This relaxation largely vanished (Fig. 12 B) in the absence of extracellular divalent cations. The voltage dependence of the ratio of currents at the end and the beginning of voltage pulses (I end /I bgn ) is shown in Fig. 12 C. These results are consistent with the previous finding by Choe et al. (1999) that extracellular divalent cations block IRK1 in a voltage-dependent manner.
Furthermore, Shieh (2000) observed relaxation of inward current even in the nominal absence of extracellular divalent cations. The relaxation was prominent only at low concentrations of K ϩ . Since solutions in the quoted study were HEPES buffered, we wondered whether the current relaxation was due to the use of extracellular HEPES. Confirming the results of Shieh (2000), we found that the inward current after strong membrane hyperpolarization exhibits little or no relaxation when the extracellular solution contained 100 mM K ϩ , 10 mM HEPES, and 5 mM EDTA, but no added divalent cations (Fig. 13 A) . Replacing HEPES with phosphate had no noticeable effect (Fig. 13 C) . Also confirming Shieh's finding, lowering the K ϩ concentration to 20 mM revealed prominent inward current relaxation (Fig. 13 B) . However, this relaxation vanished when we replaced HEPES with phosphate (Fig. 13 D) . The voltage dependence of the ratio of currents at the end and the beginning of voltage pulses (I end /I bgn ) is shown in Fig. 13 E. Furthermore, we examined whether channel block associated with extracellular HEPES could also be caused by residual contaminants. As shown in Fig. 14 , like "HEPES", HEP and piperazine block the channels in the presence of 20 mM but not 100 mM extracellular K ϩ . Therefore, channel block associated with extracellular HEPES can also be accounted for by a trace amount of contaminating HEP.
D I S C U S S I O N
In the present study, we systematically investigated the causes underlying the reported IRK1 current relax- ations after step changes of membrane voltage, and found that none of them is intrinsic to the channels. In other words, within the usual voltage range the macroscopic IRK1 conductance has no significant intrinsic voltage dependence that causes either inward rectification or inactivation. The reported apparent voltage dependence of macroscopic IRK1 currents is caused by traces of contaminants in routinely used chemicals, such as HEPES and metal ion chelators among which (the latter) EDTA has the least effect. Specifically, block associated with both intracellular and extracellular HEPES can be accounted for by residual HEP ‫005ف(‬ part per million (ppm) in weight), and that associated with intracellular EDTA by residual ethylenediamine ‫1ف(‬ ppm). These contamination levels, estimated from the relative specific inhibitory activity of compared chemicals (Figs. 2 and 8) , are well below the limits (5,000 ppm) specified by the supplier.
Intracellular divalent chelators must be used both to suppress endogenous Ca 2ϩ -activated Cl Ϫ currents and to minimize channel block by contaminating divalent cations. However, a divalent cation chelator such as EDTA has two opposing effects: (a) it reduces free divalent cation concentration and thereby relieves channel block by these ions, and (b) it contains residual ethylenediamine that blocks the channels. Consequently, the current is a biphasic function of EDTA concentration with a maximum at an intermediate concentration of EDTA (Fig. 6) , which may vary somewhat depending on the extent of contamination in a given lot of EDTA and on the level of divalent cation concentration in the solution. Under the present solution conditions, the maximal current corresponding to 5 mM EDTA where there is little time-dependent relaxation of outward current during a 100-ms test-pulse to positive voltage (even up to 100 mV; Fig. 5 ), which is sufficiently long for many common studies.
In the solution with 0.1 mM EDTA the estimated concentration of contaminating ethylenediamine is ‫3.0ف‬ nM (Fig. 8) , which practically causes no channel block, given that the ED K d (0 mV) ϭ 1.4 mM and ED Z ϭ 2 (Guo and Lu, 2000b) . Therefore, at this low concentration of EDTA the channels are blocked primarily by contaminating metal ions (Fig. 7) . The common divalent cations, Ca 2ϩ and Mg 2ϩ , block inward rectifiers with the same mechanism, although the latter binds with somewhat higher affinity (Matsuda, 1993; Matsuda and Cruz, 1993) . Examining block by intracellular Ca 2ϩ is technically more difficult due to the presence of Ca 2ϩ -activated Cl Ϫ currents in oocytes; thus, we estimated the total concentration of contaminating divalent cations in the equivalent of Mg 2ϩ . To do so, we first determined that Mg K d (0 mV) ϭ 17 M and Mg Z ϭ 1.1 from the fit of the Woodhull equation to the Mg 2ϩ -inhibition curve (Fig. 7   Figure 10 . Effects of intracellular pH on the I-V curves of wild-type and mutant IRK1 channels. (A and B) I-V curves of wild-type and D172N mutant IRK1 channels at various intracellular pH, determined from the current records, as shown (and including those) in Fig. 9 , except for those at pH 7.6, which were taken from those as shown in Fig. 4 A. (C and D) Currents through IRK1 and D172N channels, normalized to those at pH 8.5, are plotted against membrane voltage. All data points are mean Ϯ SEM (n ϭ 5). B). Then, based on these values, we found, from the same analysis of current inhibition in 0.1 mM EDTA, that the extent of channel block is equivalent to that caused by 68 nM free Mg 2ϩ (Fig. 7 A) . This free Mg 2ϩ concentration requires 20 M total Mg 2ϩ in a 0.1 mM EDTA solution while the EDTA-Mg 2ϩ stability constant is 3.5 ϫ 10 6 M Ϫ1 . Theoretically, 20 M Mg 2ϩ in a 30 mM EDTA solution results in 0.2 nM free Mg 2ϩ , which would practically cause no block. Thus, at this high EDTA concentration the channels are primarily blocked by contaminating ethylenediamine (0.1 M; Fig. 8 ). With these estimates, we calculated for each EDTA concentration the current at 80 mV, using the following equation, (1) where quantities F, V, R, and T have their usual meaning. Since the current at 80 mV does not significantly deviate from the fit of the Woodhull equation (Fig. 7, C 
I
and D), ethylenediamine is assumed, for simplicity, to be nonpermeant. The calculated values with the equation agree well with those experimentally observed (Fig. 6 C) .
As in the case of other inward rectifiers, lowering intracellular pH significantly inhibits IRK1 (Shieh et al., 1996) . Fig. 10 , A and C, shows that inhibition by protons has both voltage-dependent and -independent components. Several residues underlying voltage-independent inhibition by intracellular protons have been identified in various inward rectifiers (e.g., Fakler et al., 1996; Xu et al., 2000) . On one hand, if D172 in the pore of IRK1 acts as a surface charge and if protonation of D172 is voltage dependent, protonation of D172 (D Ϫ to D) may reduce the single channel conductance and thereby render the channels inwardly rectifying. For the following reasons, this may not, however, be the primary cause underlying the observed voltage-dependent channel inhibition at low pH. Replacing D172 with neutral asparagine does not reduce the single channel conductance (Oishi et al., 1998) . Furthermore, it renders neither the single channel i-V curve nor the macroscopic I-V curve inwardly rectifying (Oishi et al., 1998; Guo and Lu, 2000a ; Fig. 10 B) . On the other hand, voltage-dependent inhibition of IRK1 by intracellular protons probably primarily reflects protonation of amine groups in the residual endogenous and contaminating exogenous organic blockers and/ or EDTA. Protonation of these blockers enhances their affinity for IRK1 (Guo and Lu, 2000b) , whereas protonation of EDTA reduces its affinity for trace divalent cations, thus causing further channel block. Consistent with this reasoning, mutant D172N channels, whose affinity for intracellular blocking cations is dramatically reduced (Lopatin et al., 1994; Ficker et al., 1994; Fakler et al., 1995; Yang et al., 1995) , exhibit dramatically reduced voltage-dependent inhibition at low pH (Fig. 10  D) . In any case, for practical purposes one can obtain essentially uninhibited IRK1 currents at intracellular pH 7.6 or higher.
The affinity of IRK1 channels for some endogenous blockers is exceedingly high, so that even trace amounts of endogenous blocker may cause significant inward rectification. For example, the K d (0 mV) for the binding of fully protonated spermine is ‫01ف‬ Ϫ7 M, whereas the effective valence of channel block by spermine is ‫5ف‬ (Guo and Lu, 2000a,b) . The calculated K d (100 mV) for spermine binding is therefore ‫01ف‬ Ϫ15 M, which is almost certainly below the concentration of spermine remaining in an exhaustively perfused membrane patch. Therefore, although spermine is a permeant blocker whose effect can be somewhat relieved by membrane depolarization, at 100 mV in the steady-state most channels will be blocked by spermine at concentrations as low as 1 nM (typical oocyte concentrations are submillimolar; Osborne et al., 1989) . Assuming the rate constant for spermine binding at 100 mV is diffusion limited and as high as estimated for quaternary ammoniums (10 8 -10 9 M Ϫ1 s Ϫ1 ; Guo and Lu, 2001 ), the predicted current reduction caused by 1 nM spermine is 1-10% at the end of a 100-ms voltage pulse to 100 mV (full steady-state inhibition would require many seconds). Consequently, to limit the extent of channel block by spermine to at most a few percent during a 100-ms pulse, spermine concentration may need to be reduced to Յ1 nM. Even if the precise values of K d and k on (at 100 mV) for spermine are unknown, the above exercise illustrates the practical challenge posed by the need to lower spermine concentration to a level that will leave channel currents essentially unaffected. Not surprisingly, in cases where endogenous blockers cannot be adequately removed despite exhaustive perfusion, significant voltage-dependent channel inhibition persists (Fig. 11) .
The problem of residual high-affinity inhibitors can be dramatically relieved, or even practically eliminated, by lowering channel affinity for intracellular cations. For example, a linear I-V curve is readily obtained in IRK1 channels containing the D172N mutation (Figs. 9 and 10; Guo and Lu, 2000a) , which significantly lowers their affinity for intracellular spermine (e.g., Yang et al., 1995) . Also as expected, we obtained satisfactory removal of endogenous blockers only with very small patches (Fig. 11) . As stated in materials and methods, to more effectively perfuse the patch we positioned the tip of the patch pipette in a rapid stream of the intracellular solution instead of perfusing the entire recording chamber. We also kept oocytes away from the recorded patch, since they are known to release substantial amounts of polyamines (Ficker et al., 1994; Lopatin et al., 1994) .
Relaxation of inward IRK1 current induced by hyperpolarization has also been observed. Choe et al. (1999) found, and we confirmed here (Fig. 12) , that some inward current relaxation results from channel block by divalent cations in the extracellular solution. Furthermore, Shieh (2000) showed that, in the absence of extracellular divalent cations but with HEPES present, lowering K ϩ concentration reveals profound current relaxation after strong membrane hyperpolarization. Based on this finding, the author suggested that the current relaxation resembles C-type inactivation of voltage-activated Shaker K ϩ channels, which is similarly "protected" by K ϩ . However, we found that this K ϩ -sensitive inward current relaxation can be also accounted for by residual HEP in the HEPES used to buffer extracellular pH (Figs. 13 and 14) . On the basis of these findings, we argue that the K ϩ -sensitive current relaxation is also not an intrinsic gating property of these channels. The dramatic channel block induced by lowering K ϩ on both sides of the membrane probably results from both a reduced competition of extracellular K ϩ with extracellular blocking ions and a reduced "knock off" effect of the blocking ions by intracellular K ϩ (Armstrong and Binstock, 1965; Armstrong, 1971; Yellen, 1984; MacKinnon and Miller, 1988; Neyton and Miller, 1988a,b; Spassova and Lu, 1998) .
In summary, at the macroscopic level IRK1 channels inherently have practically ohmic characteristics although in principle, the I-V curve may exhibit slight outward rectification in the complete absence of any endogenous or exogenous blockers. In intact cells, the observed inward rectification of the I-V curve results from voltage-dependent block by intracellular cations such as Mg 2ϩ and polyamines (Matsuda et al., 1987; Vandenberg, 1987; Ficker et al., 1994; Lopatin et al., 1994; Fakler et al., 1995) . However, in excised membrane patches, perfused with solutions nominally devoid of Mg 2ϩ and polyamines, the relaxation of both inward and outward IRK1 currents induced by voltage jumps and the resulting nonlinearity of the I-V curve is a reflection, not of intrinsic gating properties of IRK1 channels, but of the unusually high affinity of IRK1 for cations. Because of the extraordinarily high affinity for cations, traces of-usually insignificant-contaminants in commonly used organic pH buffers and metal ion chelators become highly significant and problematic in the study of IRK1 channels. Despite this, practically uninhibited (inward and outward) IRK1 currents and therefore linear I-V curves can be obtained, provided that the recorded membrane patch is adequately perfused and that both intracellular and extracellular solutions contain 100 mM KCl, 5 mM EDTA, and 10 mM phosphate at pH 7.6 or above.
